Background: Even mild and transient acute kidney injury (AKI), defined by increases in serum creatinine level, has been associated with adverse outcomes after major surgery. However, characteristic decreases in creatinine concentration during major illness could confound accurate assessment of postoperative AKI.
Introduction
Worldwide, 310 million patients undergo surgery each year 1 -4 . After surgery, acute kidney injury (AKI) is a common complication associated with significant morbidity and mortality. In a systematic review 5 of AKI after major abdominal surgery, a pooled estimate for the incidence of AKI was 13 per cent, and the occurrence of AKI was associated with an unadjusted 12-fold relative risk of death in the postoperative period. The development of AKI has been associated with postoperative mortality in a range of surgical settings 6 -10 . The occurrence of AKI in the week after surgery appears to be of prognostic significance beyond the acute surgical episode, having been associated with the development of chronic kidney disease (CKD) and late death 9, 11, 12 , even in patients with apparent recovery of baseline renal function at hospital discharge 7, 9, 13, 14 .
During prolonged critical illness, significant decreases in serum creatinine level have been observed that are sustained to hospital discharge 15 ; these changes are accompanied by a reduction in creatinine production 16 and potentially mask the development of persistent renal dysfunction 15 . However, the changes in serum creatinine after major surgery have not been well described, despite their implications for the threshold for detection of AKI, assessment of its severity and perception of renal recovery.
The intention of this study was to understand better the basis of the strong prognostic significance of AKI on survival after surgery; the primary objective was therefore to compare rates of death in the year after surgery in patients with and without postoperative AKI, and to quantify AKI severity. Secondary objectives were to compare the changes in serum creatinine concentration during and after hospitalization in patients with and without postoperative AKI, and to consider the association between mortality and the most sensitive definition of AKI (an absolute 26-μmol/l increase in serum creatinine within 48 h), and between mortality and smaller increases in postoperative serum creatinine not fulfilling AKI criteria.
Methods
Approval for this study was sought from Barts Health/ Queen Mary University of London Joint Research Office as a retrospective review of data collected as part of usual patient care, and a waiver of full research ethics committee review was obtained. A retrospective cohort study of non-day-case surgery at the Royal London Hospital from January 2013 to June 2014 was undertaken, assessing survival and measurements of renal function in the year after operation. The Royal London Hospital is a central London teaching hospital, providing tertiary surgical services in orthopaedic, hepatobiliary, upper gastrointestinal, complex colorectal, vascular, plastic, and head and neck surgery to a large urban population.
Inclusion and exclusion criteria
All patients admitted to hospital and undergoing elective major non-cardiac surgery in the Royal London Hospital main operating theatre suite between 14 January 2013 and 30 June 2014 were included. Major surgery was defined as inpatient surgery with a recorded duration of 1 h or more. The following exclusions were made at the data selection stage: patients aged less than 16 years; procedures performed under the specialty renal transplant surgery (renal transplantation and haemodialysis or peritoneal dialysis-related procedures in patients with end-stage renal failure) and any surgical procedure involving nephrectomy or partial nephrectomy. Subsequently any patient with a baseline preoperative estimated glomerular filtration rate (eGFR) of less than 15⋅0 ml per min per 1⋅73 m 2 (stage 5 CKD) undergoing non-renal surgery and any patient who did not have a serum creatinine measurement after surgery were excluded. For patients undergoing more than one surgical procedure in the study period, only the first operation was considered.
Data collection
Data were selected from operative and clinical records held in the hospital electronic medical records (EMR) systems (Appendix S1, supporting information). Data on type of surgical procedure, operating surgeon, duration of surgery, ASA fitness grade, and category and urgency of surgery were collected for all patients. Urgency was classified at scheduling as: within 18 weeks (routine), within 4 weeks (urgent non-cancer surgery) or within 2 weeks (surgery for suspected or confirmed malignancy). All serum creatinine results available in the EMR were retrieved for 1 year before and after surgery to define baseline creatinine concentration, the occurrence of AKI and changes in serum creatinine level after discharge.
Definitions
Postoperative AKI was defined according to the Kidney Disease: Improving Global Outcomes (KDIGO) 2012 creatinine criteria 17 , namely a 1⋅5-fold increase in serum creatinine level from preoperative baseline or an absolute 26-μmol/l increase over a period of 48 h or less within the 7 days after surgery. Additionally, separate analyses were performed to examine postoperative outcomes in patients defined as having AKI stage 1 based purely on a 26-μmol/l increase without a rise in serum creatinine from baseline of at least 50 per cent; and in patients who experienced an increase in serum creatinine of 25 per cent or more from baseline, but less than 50 per cent, within 7 days after surgery, and did not otherwise achieve the KDIGO AKI definition by an absolute 26-μmol/l increase within 48 h. The latter group has been associated with adverse outcomes in previous studies 6 . Baseline serum creatinine was taken as the most recent value available between 7 and 365 days before the day of surgery 18 ; if none was available, the value closest to 7 days before surgery was used.
Baseline, discharge and follow-up renal function were assessed by calculation of the eGFR using the Chronic Kidney Disease Epidemiology Collaboration (CKDEpi) creatinine formula 19 , which best enables accurate prediction of eGFR across a range of renal function 20 . For analysis of change in renal function after surgery, baseline serum creatinine, serum creatinine nearest hospital discharge and the most recent follow-up results in the period between 91 and 365 days after surgery were compared.
Statistical analysis
Univariable comparisons were performed using the Wilcoxon test for continuous data and Fisher's exact test for binary data. Two-tailed P < 0⋅050 was considered significant. Unadjusted survival data were plotted as a KaplanMeier estimate and compared using the log rank test.
To assess the independent effect of AKI on survival, a multivariable Cox proportional hazards model was Values in parentheses are percentages unless indicated otherwise: *values are median (i.q.r.). †Length of hospital stay (LOS) for 1770 patients discharged alive with discharge date recorded. ‡Baseline (latest value in 7-365 days before surgery) for 1653 patients with baseline haemoglobin values recorded and 1390 with baseline albumin values recorded. AKI, acute kidney injury; eGFR, estimated glomerular filtration rate. §Fisher's exact test for categorical data except surgical specialty, and Wilcoxon rank sum test for continuous data. ¶Incidence of AKI and 1-year mortality analysed using univariable logistic regression with surgical specialty as a single categorical variable and vascular surgery as the reference category (the group with 1-year mortality closest to that in the overall population).
developed (Appendix S2, supporting information). In addition to the primary survival analysis, associations with the development of postoperative AKI were also investigated using logistic regression, and survival after hospital discharge using a Cox model. Statistical analysis was performed using R (R Foundation for Statistical Computing, Vienna, Austria).
Results
Some 2971 patients were identified by the primary database search; after exclusion of those with a baseline eGFR below 15⋅0 ml per min per 1⋅73 m 2 or without any serum creatinine results, 1869 patients were included in the final analysis (Fig. S1, supporting information) . Baseline demographic and co-morbidity data for included patients are shown in Table 1 .
Baseline creatinine from 7 to 365 days before surgery was available for 1654 patients (measured a median of 18 (i.q.r. 10-35) days before surgery), whereas for 215 patients a preoperative serum creatinine measurement within 7 days before surgery was used as baseline value. Thirty-three patients died in hospital and the date of discharge in the index admission was ambiguous in 66 survivors, leaving 1770 patients for analysis of hospital discharge serum creatinine and eGFR.
Incidence of acute kidney injury
Postoperative AKI occurred in 128 patients (6⋅8 per cent); 101 had KDIGO stage 1 injury (5⋅4 per cent of all patients), 19 stage 2 (1⋅0 per cent) and eight stage 3 (0⋅4 per cent). Four patients (0⋅2 per cent) required renal replacement therapy. Of the patients with AKI stage 1, 42 (32⋅8 per cent of all AKIs) were diagnosed only on the basis of a 26-μmol/l increase in serum creatinine within 48 h, without an increase in serum creatinine from baseline of at least 50 per cent. In addition, 77 patients who did not achieve any KDIGO AKI creatinine criteria had an increase in serum creatinine from baseline of 25 per cent or more after surgery. The majority of AKI was first diagnosed on day 1 after surgery ( Fig. S2, supporting information) .
Compared with the group that did not develop AKI, patients with AKI were older, had a lower baseline eGFR, lower preoperative levels of albumin and haemoglobin and a higher ASA grade, and spent longer in hospital after operation ( Table 1 ). The incidence of AKI varied from 0 to 20 per cent between surgical specialties ( Table 1; Table S1 , supporting information).
Postoperative mortality
Thirty-three of 1869 patients (1⋅8 per cent) died in hospital after major surgery, and by 1 year a total of 140 patients (7⋅5 per cent) had died. Seventeen of 128 patients who developed AKI after surgery (13⋅3 per cent) died during the index admission compared with only 16 of 1741 (0⋅9 per cent) who did not have AKI (unadjusted relative risk (RR) of death in hospital 14⋅5, 95 per cent c.i. 7⋅5 to 27⋅9; P < 0⋅001). The association between AKI and death persisted at 1-year follow-up; 34 of 128 patients who developed postoperative AKI (26⋅6 per cent) died within a year of surgery compared with 106 of 1741 (6⋅1 per cent) of those who did not develop AKI (RR 4⋅36, 3⋅10 to 6⋅14; P < 0⋅001) (Fig. 1) .
There was no statistical evidence of a relationship between AKI stage and mortality in this cohort (Table S2 , supporting information). Moreover, AKI stage 1, defined by only a 26-μmol/l increase in serum creatinine within a 48-h period in the 7 days after surgery, was associated with a risk of death by 1 year similar to that of AKI defined by an increase in serum creatinine of at least 50 per cent (Table S2 and Fig. S3, supporting information) . Conversely, increases in serum creatinine of 25-49 per cent above baseline in the absence of a 26-μmol/h increase did not appear to confer greater risk of death (Table S2 and Fig. S4 , supporting information). The majority of patients who developed AKI and survived did not have AKI criteria at discharge (serum creatinine less than 50 per cent above baseline at hospital discharge); however, these patients remained at increased risk of death in the year after surgery compared with those who did not develop AKI, although their mortality rate was somewhat lower than in those with 'unrecovered' AKI at hospital discharge (Table S2 and Fig. S5 , supporting information).
Multivariable survival analysis
The association between AKI and risk of death was analysed by adjusting for major demographic and clinical variables in a Cox proportional hazards analysis. To enable analysis of AKI as a baseline proportional hazard, death after 7 days to 1 year after surgery was considered as the dependent variable. Eleven patients who died within 7 days of surgery were thus excluded from the survival analysis, of whom nine had an AKI diagnosis before death. After variable selection, AKI, age, sex, ASA grade, baseline serum albumin level, baseline eGFR, surgical specialty and urgency of surgery were retained in the final model ( Table 2) . Baseline eGFR showed a non-linear relationship with outcome and was treated as an ordered categorical variable in ranges: less than 30⋅0, 30⋅0-44⋅9, 45⋅0-59⋅9, 60⋅0-89⋅9 (reference), 90⋅0-119⋅9 and at least 120⋅0 ml per min per 1⋅73 m 2 . Baseline albumin was not available 
Values in parentheses are 95 per cent confidence intervals. The analysis excludes 11 patients who died within 7 days of surgery, of whom nine had a diagnosis of acute kidney injury (AKI) before death. An imputed albumin value was used in 475 of 1858 patients. The proportional hazards assumption was tested for each variable; there was no significant deviation from this assumption for any of the included variables over the follow-up period. After adjustment for clinical and demographic variables, perioperative AKI remained highly significantly associated with hazard of death throughout the year after surgery. eGFR, estimated glomerular filtration rate.
for 475 of 1858 patients and the median value (44 g/l) was imputed. Patients with imputed albumin had a median age of 57 years, median baseline eGFR of 93⋅3 ml per min per 1⋅73 m 2 and 1-year mortality rate of 5⋅9 per cent, closely paralleling the overall population and supporting the use of imputation.
In the multivariable Cox model, AKI was associated with a hazard ratio (HR) for death in the 8-365 days after surgery of 2⋅96 (95 per cent c.i. 1⋅86 to 4⋅71; P < 0⋅001). Other variables associated with increased risk of death in this model were a preoperative baseline eGFR below 30⋅0 ml per min per 1⋅73 m 2 (HR 2⋅84, 1⋅22 to 6⋅63) and lower baseline albumin (HR 2⋅24, 1⋅60 to 3⋅07, for a 10-g/dl lower albumin level -calculated from analysis in Table 2 ). Over the follow-up period there was no significant deviation from the proportional hazards assumption for any of the variables included.
Factors associated with development of acute kidney injury
The clinical and demographic characteristics associated with the development of perioperative AKI were examined using a multivariable logistic regression model. Only black ethnicity, urological surgery (with vascular surgery as reference), baseline serum albumin and preoperative eGFR were retained in a final model for development of postoperative AKI (Table S3 , supporting information). In this analysis, preoperative eGFR was modelled as a linear predictor as there was no significant deviation from a linear association between lower GFR and increased risk of AKI when examined in model building.
Creatinine changes after surgery
In 1225 of the patients who remained in hospital for more than 5 days after surgery there was a rapid and progressive decline in serum creatinine level that was sustained to hospital discharge (Fig. 2) . Median serum creatinine for all patients fell significantly, from 73 μmol/l at baseline to 61 μmol/l on day 5 (P < 0⋅001).
Among the 1662 patients without postoperative AKI discharged from hospital there was median decrease in serum creatinine of 7 μmol/l from baseline to discharge, resulting in an apparent increase in eGFR of 5⋅9 ml per min per 1⋅73 m 2 ( Table 3 ). In contrast, among patients who developed AKI, the median difference between baseline and discharge serum creatinine level and eGFR was zero (P < 0⋅001 for comparisons of no AKI versus AKI). In patients without AKI, the decrease in serum creatinine appeared to reflect a downward shift across the entire population, whereas among those with AKI, eGFR had declined in some patients and increased in others by the time of discharge (Fig. S6, supporting information) . Importantly, the decline in serum creatinine at discharge relative to baseline was progressively greater for increasing length of hospital stay after surgery (P < 0⋅001) (Fig. S7 , supporting information). After correction for this trend using a simple linear model of change in creatinine as a function of length of stay, the proportion of patients experiencing AKI in hospital who had persistent renal impairment at discharge (eGFR below 60⋅0 ml per min per 1⋅73 m 2 ) was significantly increased compared with preoperative baseline (44⋅4 versus 29⋅6 per cent; P = 0⋅034) ( Table S4 , supporting information).
Change in renal function after discharge
Data were available for 886 patients who had serum creatinine measured from 91 to 365 days after surgery, 45 of 
Values are median (i.q.r.). *Estimated glomerular filtration rate (eGFR) calculated using Chronic Kidney Disease Epidemiology Collaboration creatinine formula. AKI, acute kidney injury. †Wilcoxon signed rank test.
whom had postoperative AKI (Table S5 , supporting information). In those without AKI, the serum creatinine level decreased by a median of 1 μmol/l between baseline and the latest follow-up, whereas among those who developed AKI it rose by a median of 5 μmol/l (P = 0⋅002), suggesting a median decline in eGFR compared with baseline of 3⋅7 ml per min per 1⋅73 m 2 in survivors of AKI.
Discharge estimated glomerular filtration rate and postdischarge survival
Variables associated with survival after hospital discharge were modelled. After variable selection, age, sex, surgical specialty, urgency of surgery, discharge serum albumin concentration, AKI status in the 7 days after surgery and discharge eGFR (as an ordered categorical variable) were included in the final model (Table S6 , supporting information). AKI remained a significant hazard for death over follow-up (HR 2⋅61, 95 per cent c.i. 1⋅50 to 4⋅57; P < 0⋅001). Discharge eGFR showed a reverse J-shaped relationship with risk of death, with values of less than 30⋅0 and over 90⋅0 ml per min per 1⋅73 m 2 being associated with increased risk of death compared with the reference category (60⋅0-89⋅9 ml per min per 1⋅73 m 2 ).
Discussion
In this large, single-centre cohort of 1869 patients undergoing major surgery, postoperative AKI was associated with death in hospital, despite the fact that a large majority of patients had only KDIGO AKI stage 1. Importantly, most deaths associated with AKI occurred in the year after hospital discharge, even though most patients had apparently recovered from AKI. After accounting for clinical and demographic variables, including ASA grade (a surrogate for multiple co-morbidities), AKI remained associated with death in the 8-365 days after surgery.
In multivariable logistic regression for development of AKI, worse preoperative renal function was associated linearly with increased risk, a well established association 21, 22 . In addition, lower serum albumin level at baseline was strongly associated with AKI, as previously described with a similar magnitude of association in a number of settings 23 . CKD is well described as a risk factor for death after non-cardiac surgery 24 -27 , but is also strongly associated with risk of AKI both generally 21 and after non-cardiac surgery 7, 8, 22, 27 . In the present survival analysis, adjusted for the presence of AKI, premorbid renal function was associated with mortality only in the lowest eGFR category (less than 30⋅0 ml per min per 1⋅73 m 2 ), despite being associated linearly with risk of AKI, suggesting that some of the association between less severe CKD and mortality could be explained by an increased incidence of AKI in patients with CKD. Overall, the serum creatinine level tended to fall immediately after surgery, remaining around 10 per cent lower than baseline values at hospital discharge, resulting in an apparent rise in median eGFR that correlated with increasing length of hospital stay. These changes are likely to be related to reduced muscle mass and altered diet during hospitalization after major surgery, leading to reduced creatinine production, similar to observations in critical illness 15, 16, 28 . As a consequence, eGFR may overestimate renal function at hospital discharge after major surgery, so that more patients could have persistent renal dysfunction than is currently appreciated based on serum creatinine measurement. As patients with AKI had a longer hospital stay on average, and were more likely to have experienced a larger decrease in creatinine production, this effect would be more significant in AKI survivors.
Underestimation of the severity of AKI and overestimation of its recovery may explain why apparently small increases in creatinine level are significantly associated with adverse outcomes, and why AKI remains associated with ongoing risk even when there is apparent recovery of renal function. In support of this conclusion, eGFR had returned to preoperative baseline after 90 days from discharge in patients who did not experience AKI, whereas that in survivors of AKI had decreased below baseline. This late decline in eGFR in patients who experienced AKI may represent an 'unmasking' of persistent renal dysfunction after AKI, as the confounding effect of the decreased creatinine level associated with hospitalization and major surgery abated. Similarly, when discharge serum creatinine was corrected for decreases related to length of hospital stay, there was a 50 per cent increase in the proportion of patients with AKI who had an eGFR below 60⋅0 ml per min per 1⋅73 m 2 at discharge compared with baseline. Finally, the association between risk of death and a higher eGFR when measured at hospital discharge, but not at baseline, also supports a possible association with a reduction in creatinine level during prolonged illness after surgery.
Several studies have shown that even mild AKI is independently associated with a sustained increased risk of death in long-term follow-up after surgery 8, 9 . Kork and colleagues 6 also found an increased risk of death associated with AKI, even when the serum creatinine level was only modestly increased, by between 25 and 49 per cent above baseline. In the present study, patients with a rise in serum creatinine concentration of 25-49 per cent who did not fulfil the KDIGO criteria for AKI did not appear to be at increased risk of death. However, in patients who had only a 26-μmol/l increase in serum creatinine within 48 h, the rate of death was similar to that in the overall AKI population, confirming the importance of the mildest KDIGO definition of AKI in this population.
A strength of this study is the robust outcome data now available within the authors' hospital EMR systems and the longer period of follow-up. Although the study was relatively small, the population was restricted to surgery conducted within the past 2 years in a single centre, ensuring data that are recent, with reduced heterogeneity. Patients exposed to a major surgical intervention were identified on the basis of duration of operation; although arbitrary, this approach can be applied consistently and is easily reproduced, providing an advantage over subjective and ill defined lists of 'major procedures'.
A significant number of patients without postoperative renal function were excluded; however, rates of missing data in the present cohort were lower than in several related studies 6, 8 . Access to complete pathology data enabled analysis of changes in serum creatinine level during and after admission in all patients, allowing inferences to be drawn about the effect of perioperative AKI on renal function. Unfortunately, it was not possible to investigate the effects of intraoperative events on outcome. The majority of patients with AKI in the study had stage 1 injury, precluding a detailed exploration of the relationship between risk of death and more severe AKI. Finally, an observational study cannot firmly establish a causal relationship between AKI and risk of death, but can only identify AKI as a highly prognostic postoperative complication. 
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